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APPLICATION OF TGA/FT-IR TO STUDY HYDROCARBON STRUCTURE AND KINETICS

Carangelo, R. M. and Solomon, P. R.
Advanced Fuel Research, Inc., 87 Church Street, E. Hartford, CT 06108
and Gerson, D.J., IBM Instrument, Danbury, CT 06810

For the characterization of fossil fuels, thermal analysis methods have proven to be a
useful technique for probing the organic and mineral composition of these typically
insoluble materials. In thermal analysis, the sample is taken through a temperature
excursion and its weight loss or evolved products are monitored. Examples include:
the use of thermogravimetric analysis (TGA) for performing coal proximate analysis
(1); pyrolysis with detection of total hydrocarbons for petroleum source rock
evaluation (2,3) and pyrolysis with trapping of evolved products for analysis by GC
for source rocks and sediments (4-7).

This paper describes a new instrument which couples thermogravimetric analysis (TGA)
with evolved gas analysis (EGA) performed with a Fourier Transform Infrared (FT-IR)
spectrometer. A unique feature of the system is its ability to provide continuous
monitoring of the infrared spectra of evolving liquids as well as quantitative
analysis of gases during pyrolysis or other reactions. The complementary TGA/EGA data
provide a wealth of information regarding composition, structure, and kinetics for
hydrocarbons. This technique offers advantages compared to GC in speed, and compared
to GC and MS in ability to identify heavy tarry materials. FT-IR studies of chars and
tars at various stages of pyrolysis by KBr pellets help complete the story by showing
what functional groups in the sample are actually changing when specific pyrolysis
products are released. While the instrument typically provides slower sample heating
than ig encountered in practical coal conversion processes, the use of slow heating in
pyrolysis experiments provides data on individual reactions which often cannot be
distinguished in flash pyrolysis because they occur simultaneously. Slow heating
conditions often resolve such reactions into separate gas evolution peaks. These
peaks provide low temperature data for gas evolution kinetics.

This apparatus has been used to analyze coal, char, tar, lignins, wood, polymers, oil
shale and source rock. The technique has been useful in elucidating the source and
kinetics of many of the pyrolysis products of the above hydrocarbons. The technique
will be discussed and examples presented for several materials.

EXPERTMENTAL

The apparatus, 11llustrated in Fig. 1, consists of a sample suspended from a balance
(Mettler, model AE160) in a gas stream within a furnace. As the sample is heated, the
evolving tars and gases are carried out of the furnace directly into a gas cell for
analysis by FT-IR (IBM Instruments, model IR 85), The FT-IR can obtain spectra every
0.2 sec to quantitatively determine the evolution rate and composition of most
pyrolysis products. The system allows the sample to be heated in a gas flow of
arbitrary composition on a preprogrammed temperature profile at rates between 3°C/min
and 100°C/sec up to a temperature between 20°C and 1000°C and held for a specified
time. The system continuously monitors the time dependent evolution of: 1) the gases
(including specific identification of the individual species such as, CO, C0,, Hy0,
CHy, CoHg, CoHy, CoHy, CqHg, benzene, heavy paraffins, heavy olefins, HCN, HC1, NHj,
809, €Sy, COS, CH40H, CH3COOH and CH3COCHj; i1) tar amount and infrared spectrum with
identifiable bands from the functional groups); and ii1) weight of the non- volatile
material (char plus mineral components). An analysis of C, H, and S in the residue at
the end of the experiment can be obtained by introducing oxygen to burn the residue
and measuring the combustion products.
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APPLICATIONS

Coal Pyrolysis - We consider first the use of the TGA/EGA to follow the pyrolysis
chemistry of coal. Figure 2 presents a series of spectra obtained during pyrolysis at
0.5°C/sec. The spectra show absorption bands for CO, CO,, CH,, H,0, 50,, C0S, and
CoH4e In other samples, bands for HC1l, NH5, and HCN can be identified. The spectra
also show aliphatic, aromatic, hydroxyl and ether bands from tar, which form an
aerosol. Figure 3 shows spectra during tar evolution which identifies these bands.
The higher aromatic content of the higher rank coals 1s evident. At the end of the
run the temperature was reduced to 700°C and oxygen was added to the flow to combust
the remaining char.

Integrations over specific regions of the spectra provide the concentrations of each
specles as a function of time as shown in Fig. 4. Evolution curves are shown for 8
species. The tar weight 1is determined from its concentration of aliphatic, aromatic
and ether functional groups. In addition, the absorptivities of each species have
been calibrated to provide the weight loss for each species, which is also plotted.
The individual constituents can be summed and compared with the char weight loss, as
shown in Fig. 4. The directly measured weight loss is very close to that determined
from the individual species. The final evolution of Hy0, €Oy, and S0, determines the
C, H and S composition of the char.

For coal, the relative pyrolysis kinetics can be determined from the position of the
peaks (8-11). Figure 5 compares the tar evolution peaks for coals of increasing rank.
There is a systematic shift from lignites (lower temperature peaks, higher rates) to
bituminous coals (higher temperature peaks, lower rates). The pyrolysis kinetics can
be correlated with the coals' ignition properties.

The reactivities of the coal char can also be studied by dropping the temperature at
the end of pyrolysis from 900°C to a lower temperature (eg. 300 — 450°C) and measuring
the weight loss rate when oxygen is added.

Sulfur Forms ~ Because of the problems of acid rain, the determination of sulfur
forms (e.g. pyrite, calcium sulfate, thiols, thiophenes, etc) is important in
evaluating energy resources. Methods employing reductive (12,13) and oxidative (14)
pyrolysis at a programmed heating rate have been employed. These methods are based on
the concept that the differences in reactivity of each sulfur form will result in
separate evolution peaks. Using the TGA/EGA, the determination of sulfur species can
be made by following the evolution of $0;, COS, CS; and HjS. This method of
determining sulfur species 1s an improvement of the reductive pyrolysis method
proposed by Attar (12,13) because of the addition of COS, CS; and SO, species. Figure
6 presents the SO, evolution curves from several coals. The profiles are reproducible
for repeat analyses. They show peak evolution profiles indicative of separate species
as their source. Some peaks appear in all samples (e.g. the peak at 300°C). The
Kentucky coal which has the highest pyrite content has a large peak at about 500°C.
Also, it is interesting that while the high rank coals retain much of the sulfur in
the char (which 1s released as S0, during the combustion cycle) the lignite retains
very little. The addition of oxygen to the volatiles shows additional sulfur
evolution. These 50, evolution curves, together with those of COS and CS; must be
analyzed to determine whether a relation to specific sulfur forms can be obtained.
Sulfur identification could also be made under oxidizing conditions as in the
oxidative thermal analysis method discussed by LaCount (14).

Sourceg for Evolved Products - An excellent way of studying the chemistry of
hydrocarbon pyrolysis is to combine analysis of the evolved products with an analysis
of the source of the evolved products. Figure 7 presents a series of infrared spectra
of chars obtained by stopping the pyrolysis at intermediate temperatures. The loss of
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functional groups in the char can be correlated with the appearance of the evolved
products. For example, the loss of aliphatic C-H (plotted as solid circles) is
clearly correlated with the appearance of the tar as shown in Fig. 4a. Similar
correlations can be made between methyl group loss and methane evolution, and ether
group loss and carbon monoxide evolution.

An extension of the method is to employ labeled functional groups in the organic
material. As an example, we consider perdeutero-methylated coal (15). The coal was
chemically altered by substituting CDy groups for H on all hydroxyl and carboxyl
groups in the coal. The decomposition of these groups is studied by following the
appearance of deuterated compounds in the pyrolysis products. In the infrared
spectra, the deuterated compounds are shifted with respect to their hydrogen analogs.
Figure 8 presents the evolution of CDyH which occurred just below 450°C. To study the
source for this product, chars were prepared by heating to 300, 400, 500 and 600°C.
The intensity of the CD5 groups in the char are also plotted (solid circles) on Fig.
8, and it is clear that the loss of CD4 groups in the char matches the appearance of
CD4H in the gas. Methylated coals also produce methanol at low temperatures.

The chemistry learned from this set of experiments is most relevant to very low rank
coals and lignins which have methoxyl groups. Pyrolysis experiments, at a heating
rate of 30°C/min, were performed on several samples including: a) a lignin, b) a
coal, c) a methylated coal, d) the perdeutero-methylated coal, e) a polymer with
methoxyl groups and f) the same polymer with methyl groups. Where methoxyl groups are
present (a,c,d,e, and f) there is a methane peak at a consistent temperature of 450°C,
independent of the other reactions, such as tar formation. In the absence of methoxyl
groups, methane evolution starts coincident with tar formation or at 500°C. The
interpretation is that the methoxyl groups decay via homolytic cleavage of the
relatively weak O0-C bond to form methyl groups which abstract hydrogen to form
methane. In the absence of methoxyl groups, initial methane evolution comes from a
substitution reaction in which H radicals, believed to be formed during tar evolution,
replace the methyl groups. In the absence of H radicals, methane evolution above
500°C comes from homolytic cleavage of methyl groups.

0il Shale - To provide a survey of the yilelds from reactions occurring in oil sghale
as a function of temperature, TGA/EGA analyses were performed on samples of shale at a
heating rate of 30°C/min from O to 900°C at 1 atmosphere. Figure 9a presents the
weight loss as a function of temperature for a 350 mg sample of an Israeli oil shale.
Figures 9c-91 present the evolution rate (in arbitrary sample units) as a function of
temperature for the major evolved species; oil, COS, 50, methane, ethylene, Co,,
water, and CO. The individual contributions to the weight loss are also presented on
each figures The sum of these contributions is presented in Fig. 9b.

The weight loss (Figs. 9a and 9b) occurs over three regions. The first, below 150°C,
is due to the loss of moisture. Between 300 and 600°C the main source of weight loss
is from oil evolution. There is also a significant contribution from €0, and minor
contributions from CO, H,0, hydrocarbon gases, and sulfur species. It is interesting
that COS and SO, evolutions precede that of the oil. Weight loss above 700°C is due
to carbonate decomposition to produce CO, and some CO. The main source of the high
temperature C0; 1s the calcite.

An important feature of this analysis is the ability to determine the infrared
spectrun for evolved oil. Figure 10 compares the oil spectrum of an eastern and a
Colorado oil shale. As can be seen, the Eastern shale oll has a higher level of
aromatic components. This is Iin agreement with the observation that the organic
material in the Eastern shales are more aromatic.
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Information can also be obtained on the temperature, Thax °f the oil peak (S2 peak).
Figure 11 compares a Colorado and an Israeli oil shale. T ,, for the Israeli shale
appears to be about 20°C lower than Thax for the Colorado oil shale. This is
consistent with the observation that the Israeli oil shale is more prone to cracking

under pyrolysis (16).

011 Source Rock - The objective in petroleum source rock evaluation is to determine
the petroleum generation potential of the sample and its relationship to neighboring
samples. Current methods determine the parameters S1, (the height or area under the
first oil evolution peak), S2 (the height or area under the second oil evolution
peak) and Tpax (the temperature of the maximum of the second peak). We employed the
TGA/EGA analysis of the aliphatic peak to determine the evolution rate and integrated
welight loss for several samples of source rock. Examples of the evolution of the
aliphatic components for several source rock samples are presented in Fig. 1l4. The
figure shows the evolution rate and the integrated weight loss. A comparison of
results of the TGA/EGA with results obtained at Woods Hole Oceanographic Institute
(17) are presented in Table I.

TABLE 1
SAMPLRE Sl s2 T
Weight 2 Weight 2 (‘8’

S. Meade .007 070 498 Pyroprobe (WHOI)
2930-2960 .015 .055 470 TGA/EGA  (AFR)
S. Meade .009 040 540 Pyroprobe (WHOI)

6100 040 .040 505 TGA/EGA (AFR)
Ikpikpuk .010 1.0 500 Pyroprobe (WHOI)

790 .010 4.0 450 TGA/EGA (AFR)

The values are in qualitative agreement. The TGA/EGA yields are, however, typically
higher. This may be reasonable in view of the possible losses of some heavy species
in the pyroprobe sample transfer lines.

SUMMARY

For coal, the TGA/EGA 1s capable of providing a proximate analysis. In addition, the
analysis provides not only the total volatile material, but also the individual
volatile species. The relative amounts of oxygen and hydrocarbon species provide a
good measure of rank and the concentration of functional groups. The evolution of
sulfur species provide data on the sulfur forms. Ignition and char reactivity
information can also be obtained. The changes in the coal functional group
composition during pyrolysis as determined by FT-IR are well correlated with the
evolved products (also determined by FT-IR). Analysis of oil shales and source rocks
also provides useful data on the organic structure, yield and reactivity of these
materials.

ACKNOWLEDGMENT

The work on coal was performed under DOE Contract DE-AC21-81FE05122. Work on oil
shale was sponsored by PAMA (Israeli Resources LTD). The authors would like to thank
Ron Liotta of Exxon Research and Engineering Company for supplying the sample of
perdeutero-methylated coal, and Jean Whelan of Woods Hole Oceanographic Imstitute for
the source rock samples and data.

155



1.
2.

3.
4.

8.
9.

10.
11.
12.
13.

14,
15.

16.

17.

REVERENCES

Ottavay, M., Fuel, 61, 713, (1982).

Espitalie, J., Madec, M., Tissot, B., Mennig, J.J., and Le Plat, P., “Source-
Rock Characterization Method for Petroleum Exploration™, 9th Offshore
Technology Conference Paper No. 2395, (1977).

Madec, M. and Espitalie, J., Fuel, 63, 1720, (1984).

Whelan, J.K., Hunt, J.M., and Huc, A.Y., "Applications of Thermal Distillation-
Pyrolysis to Petroleum Source-Rock Studies and Marine Pollution”, J. Anal. Appl.
Pyrolysis, 2, 79-96, (1980).

Hue, A.Y., and Hunt, J.M., "Generation and Migration of Hydrocarbons in Offshore
South Texas Gulf Coast Sediments”, Goechim Cosmochim Acta, 44, 1081-1089,
(1980).

Whelan, J. K., Fitzgerald, M., and Tarafa, M. E., “"Analyses of Organic
Particulates from Boston Harbor by Thermal Distillation-Pyrolysis”™,
Environmental Science and Technology, 17, 292-298, (1983).

Huc, A.Y., Hunt, J.M., and Whelan, J.K., "The Organic Matter of a Gulf Coast

Well Studied by a Thermal Analysis-Gas Chromatography Technique”, Journal of

Geochemical Exploration, 15, 671-681, (1981).

Juntgen, H. and van Heek, K. H., Fuel Processing Technology, 2, 261, (1979).
Solomon, P. R. and Hamblen, D. G., "Pyrolysis™, in Chemistry of Coal Conversion,
R. H. Schlogberg, Ed., Plenum Pub., NY, (1984) in press.

Solomon, P. R. and Hamblen, D. G., "Measurements and Theory of Coal Pyrolysis”,
U.S. DOE (METC) Topical Report No. DOE/FE/05122-1668, (1984).

Solomon, P. R. and Hamblen, D. G., "Finding Order in Coal Pyrolysis Kinetics",
U.S. DOE (METC) Topical Report No. DOE/FE/05122-1485, (1983). Progress in
Energy and Combustion Science, 9, 323, (1983).

Attar, A. and Dupuis, F., ACS Div. of Fuel Chem. Preprint, 23,2, 44, (1978).
Attar, A. and Hendrickson, G.G., "Coal Structure”, (R.A. Meyers, Ed.), Academic
Press, NY, Chptr. 5, pg. 131, (1982).

Robert LaCount, Private Communications.

The samples were supplied by Ron Liotta of the Exxon Corporation by methods
described in, Liotta, R., Fuel, 58, 724, (1979).

Solomon, P. R., Carangelo, R. M., and Horn, E., "The Effects of Pyrolysis
Conditions on Israeli Shale 0il Properties™, submitted to Fuel, (1985).

These results and samples were ‘supplied by Dr. Jean Whelan of Woods Hole
Oceanographic Institute.

156




M
Salance Exnont E o
1 AJ ‘ - e e |° &
-~
g < ignit ©
-1k j §
Bem 3 &
o =
0.42
| If, somore
[ 0.0
| l Thersocouple Pittsburgh
' o 08
l Heater Colls
o
, X1 o
o
g
I ‘ 9.9 s Kentucky
‘ Nelfus 603 fnput | .08 <
0 Y N

Figure 1. Schematic of TGA/EGA. Figure 3, Spectra of Evolved Products

Showing Tar Absorption Bands During
Pyrolysis of Two Bituminous Coals and
a Lignite,

OXYGEN
INTRODUCED

900°%

-
w

ABSORgANCE
@

o
[

.02

(el 600 0 800 1600 1200 eoc 18]

2400 2000
WAVENUMBERS CH~1
Figure 2. Spectra from TGA/EGA. Heating Rate is 0.5°C/sec from 20°C to 900°C.
Tha Remsining Char ia then Burned at 700 C.

157




=
]
-
o
w
2
£
§
(%]

1
!

-3}
[ -4
1)
—
>
=
e
w

Evolution
A

Gss

Inert

oy

Water
Evolution

aQ
9
Q

v

o
o
e
o
-t
Q
-]

weight Loss

600 900
TEMPERATURE %C

300

Combustion

Methane

Evolution

Gas

Inert

=3

@ O

oN 8%
(& ] 3
-

o

>

w

\

e *—*\\\\ f\\

Evolution

Gas

N
900

o
- o
— ¥
2

g3

g

J\NV\A[VVJ
300

Combustion
| =]
Paraffin
Evolution

Gas

Inert

|

co
Evolution

/

-

Gas
Evolut

S0,

Gas

900

600
TEMPERATURE °C

SSOT LHITIM INIDY3d

8 8 R 8 K8

SSOT IHSIM INIIN3d

158

ol

2

SSOT LHOI3N LNIDN3d

Figure 4, Thermogravimetric/Evolved Gas Analysis (TGA/EGA) of Zap
a-h) Evolution Rate (in arbitrary units) and Weight Loss
from Individual Gas Species, and 1) Measured Weight Loss and Sum of

Weight Loss from Individual Gas Species. Heating Rate = 30°¢/min



ABSORBANCE

30

Pittsburgh

tBituminous

'

1" Illinois #6
Bituminous

Subbituminous:

Figure 5.

Hydraxy!

300 600
TEMPERATURE OC

c-0

Carbony)

Aramatic
Allphatlc

Figure 7. FT-IR Spectra of Chars at
Successive Stages of Pyrolysis for ZAP
North Dakota Lignite.

159

Paraffin Evolutions from Three
Coals and a Lignite. T ax Varges with
Coal Rank Reating Rale'= 30°C/min.

900

EVOLUTION RATE

1001

801

701

GAS EVOLUTION (arblitrary units)

I11. #6

601

ZAP

Kentucky
90 with Oxygen

Inert » |

50
0

00 600 _ 900
TEMPERATURE OC

Figure 6, 502 Evolutions from Two Cosls

and a Lignite.

The Curves for the Kentucky

Bituminous are Present with and without
Oxidation of Volatiles.

0.030

= 0.025

-~

0,020

==

20.015¢
e
=0.0101
Fal

—

50,005
0.000-

CD3H

° Evolution
Rate

Pyrolysis of
Heating Rate

200 600 900
TEMPERATURE O

Figure 8. Evolution of CD.H During

Perdgutero-Hetgylated Coal,
= 30°C/min.




100

90

80

70

60

a b

Weight
LosS

Sum of
Gases

rrae e

50
100.0

99,9
99.8
99,7
99,6

99.5
100

90
80
70

60

50
0

~___|

I

emy

c

0il

f -——
Cos
Aa A

)

e -—
50,
h —
H20

AN
! ]QK

TEMPERATURE OC

300 600 900 0 300 600 900 0 300 600 9

t
co

Figure 9, Thermogravimetric/Evolved Gas Analysis (TGA/EGA) of
Israeli 0il Shale. a) Measured Weight Loss, b) Sum of Weight Loss
from Individual Gases. c-i) Evolution Rate and Weight Loss from

Individual Gas Species. Heating Rate = 30°C/min.

160




*10HM 3I® aqoadoidg £q paureIqo

TuFw/d,0€ =
asoya 031 ] ATqPL Ul paiedwon aie sivjawelrd dYL

ajey Sujpieay

-y93/¥0L 2u3 Bufsn syd0y 22an0g 3314l 103 XBU) “hup zg pue |§ 30 uopreutmiddeq ‘LT 2andid
g W31 JYN1VE 3dWIL JYN1VI3dN3L
oo 0 508 " HMheg o ws o 005 (. 006 9 008 0
——— / 06°66
VU
09 08°66 Y 26°66
uoTINTOAT A /s\/)\ /Nw N 1S o
se, < [ [P \ \\,\
m e =
o« 2 $8'66 2 \/ 666
3 UOFINTOA ~
I el
08 * uoTINTOAT] .
s v v ses 96'66
34 064 o .
s6° 86°66
¥ndyiay] 13 0019 34 0962-0£6¢C .
—_— apoay 'S Redill 3poaW 'S ~ull
I . > 0'00T PO 0001
HTW/J,0€ = 338y Burimey -aTeyg, TTO OpeIOT0) 3yl 103 +aTeys TTO WF1Iuy UeBTUITW 34yl
uey3 Jamol D 07 Inoqe L YITA 9AT3I289Y 210K uF uaSolpAy 2FIPWOIV Jo [9A21 12yBFH B MOYS e1332ds
AT3yBy1S aq 03 saeaddy arteys JTQ FIarRaS] ayl -safeys TTO WFaauy ueBJY>TW pue OpRIOTOD
3yl °sa1eys TT0 OPEAGTO) PUR JI3BIST woAJ w013 SI0Npoid POATOAF 30 BIIdadS WI-1d ‘0T 2an8id
SUOTINTOAY UT3Jjelied 3JO uosTiedwo) [y 2an3Td 1-u2 su3EoHIAon oh
L -0~
2 JYNLYYIAWIL i e
006 009 00g 0.
00 %0°0
T wyJiuy
00T UDBTUITW
L1
0'02 e
1 0oppJo[0)
% «e'o
=
e B
0°0¢ = w0
m
> vo
0'0h =
o
=
[
n
o4
n
0°0s

SSQT LHIL3M

161



